The global energetic stability of molybdenum nanocluster structures are investigated computationally using a combination of basin-hopping Monte Carlo (BHMC) optimization with classical Lennardtheory. We show that global minimum energy structures predicted by BHMC using classical LJ 12-6 potentials can be used as a reasonable starting point for further refinement using SE-MO, although the latter predicts distorted geometries due to Jahn-Teller effect from incompletely occupied d orbitals. The relative stability of the high symmetry global optima predicted for classical LJ potentials, and the distorted geometries found by SE-MO are discussed, and preliminary results for binary MoS clusters are presented. We find that preferred distribution of sulphur is near to the surface of the cluster, in agreement with experimental studies.
INTRODUCTION
Transition metal nanoclusters play an important role as a catalyst in various chemical processes. For example, catalytic metal particles are an essential component in the synthesis of carbon nanotubes (CNTs) by chemical vapour deposition (CVD). [1] [2] [3] [4] Notwithstanding the wide range of different proposed mechanisms for the formation of CNTs, 5 predominantly the vapour-liquid-solid (VLS) model 6 7 for single wall CNTs, there is a broad consensus that the initial cap structure of the carbon nanotube is nucleated by a transition metal catalyst nanocluster, followed by subsequent longitudinal growth either from tip or root of the tube. This hypothesis is supported by both in situ observations 8 and numerical simulations.
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Although it is not yet clear which metal is most suitable as a catalyst for CNT growth, various transition metals, including iron, cobalt, nickel, molybdenum and their alloys, are commonly used. For example, Herrera et al. 2 found that the selectivity of Co-Mo catalysts towards formation of CNTs depended on stabilisation of Co species in a non-metallic state. Flahaut et al. 15 found that variation in the proportion of Mo with respect to Co in a mixed * Author to whom correspondence should be addressed.
Mg-Co-Mo oxide catalyst had an influence on the yield, structure and purity of CNT produced. Also, Hu et al. 16 studied the morphology and chemical state of Co-Mo catalysts using transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy, and found that particles composed of Co molybdates and metallic Co are important for the promotion of CNT growth. Furthermore, the addition of sulphur during formation process of CNT was shown by Motta et al. to enhance the yield and quality of CNTs. 17 Although this experimental study showed that a sulphur-rich layer is seen at the surface of the catalyst particle, the precise mechanism by which the addition of sulphur affects CNT growth is not well understood, which therefore motivates a more detailed atomistic understanding of nanocluster structure.
In parallel to the experimental approaches, studies using molecular dynamics (MD) have also contributed to the understanding of the growth mechanism of CNTs. [9] [10] [11] [12] [13] [14] However, calculation results using classical MD methods are sensitive to the choice of interatomic potentials, whereas ab initio MD methods are generally much more computationally intensive and cannot currently be used for clusters larger than around 100 atoms. Here, we briefly describe of some the common interatomic potentials that have been employed for metals and alloys.
The Lennard-Jones (LJ) n-m potential is one of the most widely used interatomic pair potentials, which can be expressed in general form 19 as: (1) where is the depth of the potential well, is the distance at which the potential is zero and r ij is the separation of atoms i and j. When n = 12 and m = 6, the original form of the LJ potential is recovered, which was first developed to model rare gases, 20 but this is generally thought to poorly describe behaviour of transition metals due to steepness of repulsive r −12 term and neglect of manybody interactions. Nevertheless, the LJ 12-6 potential is still used to model metal-organic interactions in some simple generic force fields, such as the Universal Force Field (UFF). 21 Even second-generation consistent force fields, such as the Polymer-Consistent Force Field (PCFF), 22 still make use a similar functional form, although the more softly repulsive LJ 9-6 potential is employed. As will be described in Section 3.2, however, this difference in repulsive exponent n can have significant consequences for the global energy minimum structure predicted for a transition metal cluster, independent of the potential parameters. Another type of pair potential that is commonly used for rare gas and alkali metal clusters is the Morse potential, which differs from the LJ potential in that the steepness of the repulsive interaction and range of attractive tail can be controlled by a single parameter, and is therefore able to model a wider range of systems than the LJ 12-6 potential. [23] [24] [25] [26] However, it is well known that any type of pair potential will have a number of important deficiencies in describing bulk metals. 19 The most significant of these include: lower ratio of cohesive energy to melting point, higher ratio of defect formation energy to cohesive energy, and incorrect description of surface relaxation. All of these are likely to be important in determining nanocluster structure, where surface arrangement is dominant. For this reason, the embedded atom method (EAM) 27 28 is often used for modelling metals, since it efficiently describes many-body effects using an interatomic interaction defined in terms of the local electronic density as:
where F is a functional describing the energy of the embedded atom in a local electron density, i , at site i. The electron density i is constructed by a rigid superposition of atomic charge densities, ij . In the original EAM implementation of Daw and Baskes, 27 the embedding functional, F , was represented by a cubic spline with a single minimum tending to zero with vanishing density, and atomic charges, ij , calculated using quantum mechanical methods, with a Coulomb potential with a screened effective charge for V ij . The implicit description of many-body effects via an effective medium by the EAM permits a better parameterization of metallic bonding than that allowed by simple pair potentials.
An alternative type of EAM, functionally equivalent to Eqs. (2) and (3), was developed by Finnis and Sinclair to describe bcc transition metals. 29 The Finnis-Sinclair (FS) potential is characterised by an embedding functional, F , that is proportional to the square root of the electronic density, which gives a much improved description of the short-range interactions over pair potentials. Subsequently, Sutton and Chen 30 developed a longer range form of the FS potential using a van der Waals dispersive tail, which favours fcc structures. Another EAM interaction commonly used for transition metals is the Gupta potential, 31 which is a similar to the SC potential except for using exponential functions rather than powers of the atomic separation. The parameter sets of the Gupta potential defined by Cleri and Rosato 32 for transition metals have been widely used. However, as found by Doye in the case of Pb clusters, 33 the use of different interatomic interactions results in very different lowest-energy structures of clusters. Hence, it is necessary to be cautious when quantitatively discussing calculations involving different types of interatomic potentials.
Using both MD and another numerical methods, the structure and phase stability of the nanoclusters during CNT growth have been widely discussed. Harutyunyan et al. 34 examined the phase behaviour of iron nanoparticles during CNT growth and concluded that the liquid phase is favourable for the growth of nanotubes. Moisala et al. 35 estimated the depression of melting points of metal particles to examine the role of metal nanoparticles during CVD growth using the thermodynamic model derived from Pawlow's theory. 36 The depression of melting points of metal nanoparticles was subsequently examined directly using classical MD method and confirmed to be proportional to the inverse of the particle radius. 37 38 Also, the present authors have recently applied semi-empirical molecular orbital (SE-MO) calculations to Mo and MoS clusters and showed the strong interaction of the metal catalyst particle with the fullerene cap of a growing CNT, as well as support for the existence of a sulphur-rich surface layer. 39 Moreover, the carbon solubility in iron nanoclusters was examined by ab initio calculations of phase stability in a Fe-C nanocluster at low temperatures. 40 Apart from the growth of CNTs, the structure and phase stability of nanoparticles has also been studied more widely. Cleveland et al. 41 and Chushak and Bartell 42 examined the melting of gold clusters using an EAM potential. Qi et al. 43 examined the melting and crystallization processes in Ni nanoclusters and classified the stable structure obtained from cooling as icosahedral or fcc, depending on the cluster size. Kim et al. 44 studied AgPd binary nanoclusters using the SC potential and showed the existence of a solidto-liquid transition region of the binary clusters.
The main challenge for direct atomistic simulation studies of transition metal clusters is the extreme difficulty of locating the ground state global energy minimum structure tractably and with confidence due to the exponentially increasing number of minima on the potential energy surface (PES). 45 This problem has been addressed to some extent by the pioneering use of basin-hopping Monte Carlo (BHMC) methods by Doye and Wales, 46 which has been extensively applied to nanoclusters modelled by LennardJones, [47] [48] [49] Sutton-Chen, 50 and Gupta potentials, 33 among others. The results show that certain symmetric structural motifs, such as close-packed, tetrahedral, 49 decahedral 51 and icosahedral, as shown in Figure 1 , dominate the global energy minimum states, especially for certain "magic numbers" of atoms. The optimum structure as a function of cluster size is determined by a balance between attractive energy from neighbours, and the strain energy penalty of distortions from equilibrium pair separations of the atoms. 52 The range of the interatomic potential is an important factor in determining this balance, with structures with higher strain energy (decahedral, icosahedral) being disfavoured as the width of potential well is narrowed. 23 However, all minimum energy clusters predicted using empirical potentials tend to have highly symmetric structures in which all bonding is isotropic, whereas it is known at least for small transition metal clusters that d electrons can give rise to directional bonding, magnetism (if spin-polarized) and Jahn-Teller distortions. 53 For example, Castro et al. 54 found that in small Fe N , Co N and Ni N (N < 5) clusters, the lowest energy structures calculated with all-electron density functional theory with both local and gradient correction terms were significantly distorted from the symmetrical motifs predicted using classical potentials. More recent work by Xie et al. 55 on Ni N and Ma et al. 56 57 on Co N and Fe N clusters, respectively, with N up to 13, predicted a distorted icosahedral structure for N = 13, which begs the question as to whether the global minimum energy structures predicted using BHMC with classical potentials (whether of the pair or many-body type) are representative of real structures for catalytic nanoclusters, which will be significantly less symmetrical. Since it is impractical, at present, to carry out BHMC with anything other than empirical potentials, we have addressed the problem by carrying out a series of BHMC runs using LJ pair potentials, and then assessing the relative stability of the lowest energy structures predicted by further optimization using semi-empirical molecular orbital (SE-MO) theory. This represents an systematic improvement on our previous SE-MO modelling study, 39 which used initial conditions given from a sequential growth process, and could therefore only be applied to small clusters.
The rest of the paper is structured as follows: first, we briefly describe the methodologies used for BHMC and SE-MO, and then present results for small Mo N (N ≤ 13) clusters, before discussing in more detail selected special cases for larger clusters (38 < N < 98). We conclude with some preliminary results from binary MoS clusters, which are relevant to the sulphur-assisted CVD synthesis process for CNTs described by Motta et al. 17 and support the observations of a sulphur-rich layer at the particle surface.
COMPUTATIONAL METHODOLOGY

Semi-Empirical Molecular Orbital Theory
Until the start of this decade, popular semi-empirical molecular orbital (SE-MO) methods based on the neglect of diatomic differential overlap (NDDO) approximation, such as AM1, 58 were restricted to optimizing structures with main group elements containing only s and p electrons. Voityuk and Rösch were the first to describe an extension of AM1 to d orbitals, which they called AM1/d, and recently reported parameters for Mo. 59 Their approach was based on an extended multipole-multipole interaction scheme 60 and the introduction of two bond-specific parameters for Mo into the core-core repulsion term. 59 The Mo parameters in AM1/d were later incorporated in a slightly modified form by the Clark group into their AM1 * Hamiltonian, 61 which used a distance-dependent core-core repulsion for some interactions. The AM1 * Hamiltonian is implemented in the SE-MO software package VAMP, now part of Materials Studio ™ (MS) from Accelrys, and it has been possible to use AM1 * to study Mo clusters in contact with C, O, S and N, 39 which are of relevance to CNT production via a CCVD process, without further parameterization. Optimized geometries and single point energies were computed by the standard eigenvector following (EF) 62 and self-consistent field (SCF) algorithms in VAMP 63 using both restricted Hartree-Fock (RHF) and unrestricted Hartree-Fock (UHF) methods. The EF algorithm derives geometrical changes to the system directly from the Hessian matrix and was chosen for its reliability and good convergence properties. In our earlier study, 39 we compared SE-MO results for a Mo 35 cluster based on AM1
* directly with DFT using a hybrid exchangecorrelation functional (B3LYP) 64 65 with a minimal basis set, and found that the predicted geometries were very similar. However, a typical geometry optimization at the RHF/AM1
* level takes only of order several minutes to run on an Itanium2 1.5 GHz processor for a Mo 38 cluster, starting from an initial configuration optimized by classical potentials using BHMC, compared with several weeks for an equivalent ab initio (DFT) calculation.
Basin-Hopping Monte Carlo Algorithm
The basin-hopping Monte Carlo (BHMC) method was first introduced by Li and Scheraga 66 for studying the folding of an oligopeptide, and is part of a general type of potential energy surface (PES) transformation methods which, as pointed out by Wales and Doye, 47 preserves the identity of the global minimum whilst facilitating efficient exploration of the PES and avoiding trapping in local minimum states. The fundamental principle is to carry out standard Metropolis Monte Carlo 67 on a transformed PES, E X ≡ min E X , constructed from the loci of points produced by monotonically reducing the energy to the closest local minimum (or "basin"), where min E X refers to a minimization, usually based on the gradients of E X , starting from point X. At each BHMC iteration, the structure is perturbed by random atomic translations before being re-minimized and the Metropolis test applied. For small clusters of fewer than 100 atoms, convergence is typically achieved within 10,000 Monte Carlo steps (MCS); however, there is no guarantee that the global minimum structure will be located.
In this study, we have used BHMC in conjunction with classical LJ potentials of form given by Eq. (1) to locate putative global minimum structures for Mo clusters of different sizes, before re-optimizing the lowest energy structures at RHF/AM1
* or UHF/AM1 * levels to properly evaluate their relative stability. This enabled us to surmount two problems encountered in our previous SE-MO study of Mo clusters; 39 namely, the generation of a suitable lowest energy initial configuration, and a more systematic sampling of the PES in the vicinity of the putative global minimum. Of course, only BHMC using the SE-MO PES directly would yield the strict SE-MO global minimum structure, however the number of optimizations required is currently beyond the range of our available computing power and we are more interested in the relative stability (at the SE-MO level) of the structural motifs described in Section 1 predicted by classical potentials.
RESULTS
Small (≤13 Atom) Mo Clusters
For small Mo clusters, the topography of the PES is relatively straightforward ("single funnel" 52 ) and it is not necessary to use BHMC to search for the global minimum. The optimized structures for Mo N clusters (N = 2-4) are shown in Figure 2 , in which a standard combination of steepest descents, conjugate gradient and Newton's method were used to locate the classical minimum energy structures (shown in green) calculated using PCFF (which uses a LJ 9-6 potential for Mo). From these, RHF/AM1 * (shown in blue) and UHF/AM1 * (shown in white) optimized structures were calculated by eigenvector following. The AM1
* structures were confirmed as genuine minima by calculation of vibrational frequencies, and for such small clusters can unquestionably be assigned as global minima. As predicted by the Jahn-Teller theorem, 68 the symmetry of linear Mo 2 dimer is unchanged, although the equilibrium pair separation is smaller in both AM1
* structures compared to the PCFF results. However, both the Mo 3 trimer and Mo 4 tetramer have broken triangular and tetrahedral symmetry, respectively. According to the JahnTeller theorem, this is due to the degeneracy of electronic ground state wave function for the symmetric structures with unfilled d electron shells, and cannot be predicted by classical potentials without the introduction of ad hoc terms.
A more interesting example is the case of the Mo 13 icosahedral cluster, as shown in Figure 3 , which is a common structural motif even in much larger systems. Figure 3(a) is the global minimum for PCFF, which is a regular icosahedron (point group Ih). Figures 3(b) and (c) show the RHF/AM1 * and UHF/AM1 * optimized structures, respectively, which are aligned to the perfect icosahedral framework (shown with green lines) to aid perspective. Again, due to degeneracy of symmetric ground state, both AM1 * structures are distorted (point group C 1 ), and there appears to be only a small difference between the RHF and UHF results (root-mean-square 
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Energetic Stability of Molybdenum Nanoclusters Studied with BHMC and SE Quantum Methods displacements (RMSD) of 1.553 Å and 1.495 Å, respectively, compared to PCFF structure, as calculated via Kabsch method using VMD 69 ). For this reason, we consider only RHF (spin-paired) structures for larger clusters, although in principle it is straightforward to calculate UHF geometries. Comparing our SE-MO results for Mo 13 with DFT calculations of Xie et al. for Ni 13 , 55 and Ma et al. for Co 13 (Ref. [56] ) and Fe 13 (Ref. [57] ) using the BLYP exchange-correlation functional, they found that for Ni and Co clusters, a D 3d structure was the lowest energy icosahedral isomer, whereas for Fe clusters a D 2h -distorted icosahedral structure was preferred. Although our structures for Mo 13 are both C 1 , this may be due to the fact our optimizations were carried out without symmetry constraints, allowing a greater degree of relaxation. Nevertheless, our results are consistent with the general observation that, even for small clusters, the high symmetry global optimum structures predicted by classical potentials are not likely to be found for real transition metal clusters with unfilled d electron shells.
Larger (38-98 Atom) Mo Clusters
Between N = 14 to 37 atoms, it is known that for LJ 12-6 clusters, the global energy minima are all icosahedral, based on the structure shown in Figure 3 (a) with an incompletely filled second layer. 47 However, N = 38 is a special case with a non-icosahedral global minimum described by a narrow secondary "funnel" in the PES branching off from the wider icosahedral funnel at high energies. 52 For this reason, it is very difficult to locate using only unbiased gradient-based minimization methods, and the results from our BHMC simulations for Mo 38 with PCFF are shown in Figure 4 . The initial structure ("as grown"), which was generated by a process of sequential addition of single Mo atoms followed by gradient minimization, similar to that used in our previous work, 39 had an icosahedral core surrounded by an amorphous outer layer of atoms, and is typical of the type of structure occurring in small clusters quenched from the liquid state. In this case, it is very far from being the global minimum energy structure, which was only found after approximately 600 MCS of the BHMC algorithm. During this period, the cluster underwent at least 3 transitions between major branches of the icosahedral funnel, before finally descending into the funnel leading to the global minimum, as shown in Figure 4 . For the LJ 9-6, potential, the global minimum potential. 47 The second two lowest icosahedral minima for the LJ 9-6 are also shown in Figure 4 for comparison, but it should be noted that these are not the same as the two lowest lying icosahedral structures previously found for the LJ 12-6 potential. As discussed in Section 1, this is due to the decreased steepness of the repulsive term, which accommodates larger distortions. In Figure 5 , the same four structures as depicted in Figure 4 are shown after further optimization at the RHF/AM1
* level, and all possess broken symmetry due to the Jahn-Teller effect. energy minimum, with the two lowest lying icosahedral minima retaining their relative PCFF energetic ordering. Interestingly, the "as grown" structure has an energy after RHF/AM1
* optimization almost comparable with that of the lowest lying distorted icosahedral minimum, which is surprising since the former structure appears to be more disordered. However, it is extremely unlikely that any disordered icosahedral structure would have a lower energy at AM1
* level than the distorted fcc structure shown in Figure 5 (d), and thus it is reasonable to suppose that it is indeed the global minimum for the AM1 * PES. However, the distorted octahedron remainsnas the global The next special case for LJ 12-6 clusters occurs for N = 55, at which point the second icosahedral layer can be fully completed. Figure 6 shows a combined BHMC run with PCFF, showing initial "as grown" structure and the global minimum of a regular Mackay icosahedron, together with insets showing both the initial and final structures after further RHF/AM1 * optimization. It is clear from the behaviour of the energy, as a function of MCS, that the topography of the Mo 55 PES is quite different to that for the Mo 38 cluster, shown in Figure 4 , since the system converges rapidly and monotonically to the global minimum energy structure. Nevertheless, an RHF/AM1 * optimization using EF from the initial "as grown" structure, as shown in inset Figure 6 (a), is unable to locate the lowest energy (Jahn-Teller distorted) structure found by direct optimization of the Mackay icosahedron, as shown in Figure 6(b) . This demonstrates the benefits of applying BHMC via classical potentials to cluster structure before attempting optimization with semi-empirical methods, and also that a fully symmetrical Mackay icosahedral structure is not expected for transition metal clusters with unfilled d electron shells.
For N < 100, a further two distinct types of global energy minimum cluster structure are known to occur for the LJ 12-6 potential amongst the icosahedral minima: a re-entrant Marks decahedral structure 51 is preferred for N = 75-77, 47 and more recently a tetrahedral global minimum structure was found by Leary and Doye for N = 98. 49 However, during our BHMC runs using the PCFF force field, we found that neither of these structures are global minima for the LJ 9-6 potential; instead, the more commonly occurring icosahedral structure is lower in energy for N = 75-77, 98. As described earlier, this is a result of the softer repulsive term in the LJ 9-6 potential, which allows for greater distortion and thus favours the icosahedral structure. Although similar types of structural 'phase transitions' as a function of the range of the potential have been reported previously by Doye and Wales for Morse clusters, 24 to our knowledge this is the first report of such a phenomenon in LJ n-m systems. Nevertheless, since we are primarily interested in the relative stability of these structures after symmetry breaking due to Jahn-Teller distortion, we re-ran our BHMC simulations with UFF, which uses a LJ 12-6 interaction, and found the expected decahedral and tetrahedral global minima for Mo 75 and Mo 98 , respectively. Figure 7 shows the decahedral LJ 12-6 global minimum energy structure for Mo 75 together with the corresponding lowest lying icosahedral minimum energy structure, both after RHF/AM1 * optimization. Each structure is heavily distorted by the Jahn-Teller effect, but the distorted decahedral structure is still marginally lower in energy (by 1.125 eV = 15 meV per atom) than the distorted icosahedral structure. In Figure 8 , the tetrahedral LJ 12-6 global minimum energy structure for Mo 98 is shown together with the corresponding lowest lying icosahedral minimum energy structure, again after RHF/AM1
* optimization. In this case, the distorted tetrahedral structure lies substantially lower in energy (by 11.219 eV = 114 meV per atom) than the distorted icosahedral structure. While it is quite possible that there are other distorted structures on the AM1 * PES which are even lower lying in energy than either of the two structures shown in Figures 7(b) and 8(b) , it is nevertheless the case that the energy minima most directly accessible (by EF on AM1 * PES) to the higher symmetry decahedral or tetrahedral minima on classical PES are preferred to those with distorted icosahedral symmetry. This is particularly significant given that the LJ 9-6 potential, which is used by PCFF for modelling Mo interactions, predicts that icosahedral minima are most stable. Furthermore, we also found that the undistorted icosahedral structures of Mo 75 and Mo 98 found from BHMC with a LJ 12-6 potential were evaluated to be lower in energy than the undistorted higher symmetry structures using a Finnis-Sinclair potential with Mo parameters. 29 In summary, it would seem that the AM1 * PES can offer new insights into structure of transition metal clusters, in particular the effects of Jahn-Teller distortion, which are not described by more commonly used classical pair and embedded atom potentials.
Binary MoS Clusters
The combined BHMC/SE-MS optimization strategy used in preceding section can readily be extended to binary MoS clusters, where it becomes even more difficult to locate the global minimum energy structure. Due to the greatly increased size and complexity of the configurational space, the true global minimum energy structure can be determined unambiguously in only a few special cases, even for simple potentials. For example, some computational results for binary metal alloy clusters were recently reviewed by Ferrando et al., 70 who previously found a general type of polyicosahedral coreshell structure for "magic" binary clusters of a particular composition. 71 Such a core-shell structure was also found by Kim et al. 72 for a bimetallic Ag 42 Pd 13 cluster using a modified quadratic BHMC algorithm, consisting of a Pd 13 icosahedral core surrounded by an outer Ag shell completing the Mackay icosahedron, although it should be noted in passing that their modified quadratic algorithm will tend to favour icosahedral structures when applied to random initial configurations due to freezing in of the liquid-like core structure. However, little is currently known about the behaviour of MoS clusters. Figure 9 shows results from BHMC using PCFF for a Mo 33 S 5 binary cluster, together with insets showing the RHF/AM1
* optimized initial and final structures. From the classical BHMC results, it appears that although the initial "as grown" and final structures qualitatively resemble each other, both containing a complete Mo 13 icosahedral core with S atoms dispersed to the corona, the final structure after 5000 MCS of BHMC has a more well-ordered (but incomplete) icosahedral second shell. After RHF/AM1 * optimization, both structures are heavily distorted, but the previously BHMC-optimized cluster (Fig. 9(b) ) retains its icosahedral character in the core, whereas the "as grown" structure ( Fig. 9(a) ) appears more disordered. As a result, the former is lower in energy, and is likely to be close to the global minimum energy structure for this composition. Although it is difficult to precisely distinguish between "surface" and "bulk" atoms for such a small cluster, it is notable that sulphur atoms are only present on or near the surface in both "as grown" and final structures.
In order to draw more definite conclusions about the probable distribution of sulphur in binary MoS clusters, an attempt was made to model a larger binary cluster with a similar ratio of sulphur to molybdenum. However, it was not possible to obtain an AM1 * optimized structure directly from the BHMC final structure due to problems with convergence of self-consistent field. Figure 10 shows results from BHMC optimization using PCFF of Mo 161 S 38 cluster. The "as grown" initial structure shows an amorphous Mo core surrounded by an outer layer of S atoms, with only a few S atoms dispersed near the surface, whereas the BHMC-optimized structure shows a highly ordered three-layer Mackay icosahedral core, with remaining Mo atoms and all S atoms dispersed on the surface. Such a structure is highly resemblant of the polyicosahedral core-shell structures found for binary metal alloy clusters, [70] [71] [72] and is again likely to be close to the global minimum energy structure for such a composition. A more systematic study of medium-sized clusters is currently underway, however it is expected that the results will also show that the most stable structures consist of icosahedral molybdenum cores with sulphur present strictly on the surface. For larger Mo clusters, up to 31,250 atoms, Shibuta and Suzuki have shown 73 that crystalline particles of the bulk bcc phase can be nucleated from a liquid-like particle.
CONCLUSIONS
In this study, we employed a combined strategy of basin-hopping Monte Carlo (BHMC) optimization using Lennard-Jones (LJ) n − m classical pair potentials, followed by refinement with semi-empirical molecular orbital (SE-MO) theory using the AM1 * Hamiltonian. This has shown that the high symmetry global minimum energy structures predicted by BHMC by LJ 12-6 potentials for certain small molybdenum clusters, Mo N , have broken symmetry due to the Jahn-Teller effect. For Mo 13 and Mo 55 , which contain the "magic" number of atoms required to complete one or two shell of an icosahedral structure, respectively, the lowest energy structures have distorted icosahedral symmetry. However, in all special cases of non-icosahedral clusters considered for N < 100, Mo 38 , decahedral for Mo 75 , tetrahedral for Mo 98 ) remains lower in energy compared to the lowest lying distorted icosahedral structure. By contrast, the LJ 9-6 and FinnisSinclair (FS) potentials both rank the undistorted icosahedral structures lower in energy than the decahedral or tetrahedral structures. On this basis, it would seem that the LJ 12-6 potential gives a better starting point for SE-MO refinement than either the LJ 9-6 or FS potentials. For binary MoS clusters, the lowest energy structures obtained by BHMC indicate that the structure is likely to consist of an icosahedral core surrounded by a shell of excess Mo and S atoms. This supports previous experimental evidence from electron microscopy studies of transition metal nanoclusters used in catalytic growth of carbon nanotubes (CNTs), 17 and reinforces earlier SE-MO modelling results indicating the preference for sulphur to be found on the surface of Mo nanoclusters. 39 With the recent publication of SE-MO parameter sets for transition metals other than molybdenum, 74 it will soon be possible to model the effect of using different catalytic metals and alloy combinations, and further studies are underway to examine in more detail the mechanism by which a surface layer of a non-metal component may aid in the synthesis process of CNTs.
